Sera from 53 sheep belonging to Castellano, Churro, Manchego, and Merino breeds were analyzed to test the diagnostic value of a 26-kD antigen from adult Haemonchus contortus at prepatency and early and late patency of experimental haemonchosis. Animals that received zero, 1, or 2 infections with the parasite were tested. In addition, sera from 20 experimentally infected and 10 noninfected Texel sheep were used to test the antigen. Sera from 37 infected animals at prepatency as well as at patency in primary and secondary infection were found positive with the 26-kD antigen. However, sera from 10 animals with the lowest worm burdens (second infection) did not recognize the antigen during early patency (day 28 postinfection). IgG1 was the only isotype implicated in antigen recognition because IgG2, IgA, and IgM, in the same sera, showed no reactivity with the peptide. Antigen specificity was confirmed because hyperimmune sera against infective larvae and adult stages of the most common gastrointestinal nematodes found in natural infections in sheep (Trichostrongylus colubriformis and Teladorsagia circumcincta) did not recognize this peptide. The antigen was recognized only by anti-adult H. contortus hyperimmune sera and appeared to be absent in the L3 parasite stage. In addition, the partial N-terminal amino acid sequence of the diagnostic peptide is reported.
Sheep haemonchosis is a widespread parasitic disease in the temperate areas of the world. Diagnosis is based on coprological methods, which are time consuming and require specially trained personnel. A rapid and simple test with which a considerable number of samples could be processed at the same time would be advantageous. Circulating antigens could not be detected in infected animals, 22 and the assays developed to detect parasite antigens in the feces of infected animals, although occasionally able to detect surface antigens of the parasite, were not always related to the parasite burden. 10 In addition, methods used to detect specific DNA are restricted to patency and are expensive to use routinely. 6, 23 The detection of specific serum antibodies against the parasite by ELISA has produced inconsistent results because of the complex nature of the antigen extract used 5 and limited value of the soluble extracts as an antigen source. 21 In addition, cross-antigenicity has been widely described among related and unrelated nematodes. 1, 7, 9, 27, 28 The use of less complex antigen mixtures, such as excretory/secretory products, has led to better results in ELISA tests, 24 but there is still some cross-reactivity between related nematodes, both in ELISA and in Western blotting. 25 A partially characterized specific antigen of Haemonchus contortus (Hc26) has been used to discriminate between Haemonchus-infected sheep and those infected with related nematodes during either experimental or natural infections. 12 However, Hc26 was tested in only one breed of sheep (Manchego). Wide variation in haemonchosis has been described, partially related to the different responses of sheep breeds to parasite antigens 19, 30, 31, 32 and to antigenic variations among isolates of the helminth. 20 A broader study was therefore necessary, involving different breeds of sheep and a larger number of animals, comparing indirect diagnostic methods with actual parasite burdens. In addition, the presence or absence of the target antigens in the L3 stage of H. contortus or related nematodes (Trichostrongylus colubriformis, Teladorsagia circumcincta) should be investigated.
The present paper describes the recognition of Hc26 antigen by sera from experimentally infected animals belonging to 5 different sheep breeds (Manchego, Merino, Castellano, Churro, and Texell).
Materials and methods
Parasites. Haemonchus contortus L3 were obtained from a commercial supplier. a Teladorsagia circumcincta and T. colubriformis were a kind gift from Prof. J. L. Duncan. b Isolates have been maintained by serial passage in naive lambs for the last 8 yr. L3 were recovered by Baermanization of cultured feces, and adults were retrieved from the abomasa of infected lambs approximately 60 days after infection. Both were then extensively washed in cold phosphate-buffered saline (PBS). Adult worms were held at Ϫ80 C in a PBS solution containing protease inhibitors. 12 Antigen preparation. Soluble extracts (SAE) were obtained from adults as described. 16 Briefly, adult worms were subjected to 3 freezing-thawing cycles and then disrupted in a glass-in-glass handheld homogenizer followed by centrifugation at 30,000 ϫ g for 30 min at 4 C. The protein concentration of the antigen extract was determined by the method of Bradford. 4 Aliquots of SAE were passed through 2 chromatographic columns. The first (15 mm in diameter, 90 cm long) column contained Sephadex S-200 gel c from which a 42-78-kD fraction was collected and pooled. After dialysis d with a 14-kD cutoff, the fraction was subjected to anion exchange chromatography. c The fraction containing Hc26 was labeled A41. 12 Animals and experimental design. Animals and experimental design have been partially described previously. 13, 14 Briefly, 53 10-mo-old animals of 4 different sheep breeds (13 Castellano, 14 Churro, 14 Merino, and 12 Manchego) were used. These Spanish breeds represent approximately 50% of the Spanish national flock. 18 Animals were acquired when they were 2 mo-old and were maintained in isolated stables. The floor was cleaned at least once a week. Animals were provided commercial pelleted food, hay, and tap water ad libitum. After the sheep arrived, feces were examined microscopically and low numbers of coccidia oocysts were found. In addition, 3 lambs were passing a low number of Teladorsagia sp. eggs (Ͻ50 eggs/g feces; species was identified after fecal culture). Before infection, all animals received anthelmintic treatment with thiabendazole a (88 mg/ kg live weight, 2 days), and 4 days later, no eggs were found after coproscopical examination. The sheep were separated in a stratified manner (sex, weight, breed) into 3 groups, depending on the treatment. Twenty-one animals (5 Castellano, 6 Churro, 6 Merino, and 4 Manchego) were infected with 200 L3 of H. contortus/kg live weight administered by means of a bucoesophagic catheter (group 2); the remaining animals were maintained uninfected (groups 1 and 0). Infection was terminated with thiabendazole a 80 days postinfection, and 4 days later, no eggs were found after coproscopical examination. Eighteen days later, a challenge dose of 400 L3 of H. contortus/kg live weight was administered to the primed animals (Group 2) and to 16 (4 Castellano, 4 Churro, 4 Merino, and 4 Manchego) previously uninfected animals (group 1). Additionally, 16 more sheep (4 Castellano, 4 Churro, 4 Merino, and 4 Manchego) were maintained uninfected throughout the experiment (group 0). Infection was monitored by individual fecal analysis daily until the animals began to eliminate eggs in feces and weekly afterwards; the results have been published elsewhere. 13, 14 Serum was obtained by jugular venipuncture once a week. Sera from Texel sheep experimentally infected with H. contortus (20 animals) or uninfected (10 animals) were kindly supplied by Dr. H. D. F. H. Schallig. e Hyperimmune sera. Six female rabbits raised at the center (Veterinary Faculty, Universidad Complutense de Madrid, Madrid, Spain) were held in separate cages and provided pelleted rabbit chow and water ad libitum. At 5 mo of age, rabbits were used to produce hyperimmune sera against soluble extracts of L3 or adult stages of H. contortus, T. col-ubriformis, or T. circumcincta. Each rabbit received an intramuscular injection of 0.5 ml of the soluble extract (0.5 mg total) emulsified with 0.5 ml Freund's complete adjuvant. f Fifteen days later, each received the same amount of antigen in Freund's incomplete adjuvant, f and finally, the same dose of antigen was injected 2 wk later without adjuvant. Two months later, the rabbits received a booster of antigen without adjuvant, and 15 days later, they were exsanguinated by cardiac puncture after anesthesia to obtain hyperimmune sera. Antibody titer was determined by indirect ELISA. The titer (A405 nm) increase in all rabbits was approximately 10-fold at a 1/1,000 serum dilution.
Western blotting. The Western blot reaction was developed as described. 8 Briefly, the protein extract was separated in sodium dodecyl sulfate-polycrylamide gel electrophoresis and then electrotransferred to a membrane. 9 Membranes were incubated in blocking solution (BS) (5% nonfat dry milk in 10 mM Tris-buffered saline [TBS], pH 7.2) for 1 hr, cut into strips, and incubated in BS with diluted sera (3 hr, 37 C). After 3 washes in TBS, the strips were incubated (1 hr, 37 C) with the second antibody diluted in TBS at different concentrations, depending on the isotype, as listed below. Peroxidase (PO)-labeled donkey anti-sheep IgG h was used at 1/1,000 dilution, mouse anti-bovine/ovine IgG2 i at 1/100, and PO-rabbit anti-mouse IgG1 i at 1/50; PO-rabbit anti-bovine/ovine IgM j was diluted at 1/1,000, rabbit anti-sheep IgG1 e at 1/1,000 dilution, and rabbit anti-bovine IgA j at 1/ 500. The third antibody for detection of sheep IgG1 and IgA was a PO-labeled goat anti-rabbit IgG h (1/1,500) .
Hyperimmune rabbit sera were used at 1/1,000 dilution and the second antibody, goat anti-rabbit IgG, h at 1/1,500.
Amino acid sequencing. The N-terminal amino acid sequence was determined by Edman degradation carried out in a pulsed-liquid phase protein sequencer k with the modified cycles according to the manufacturer's instructions at the Laboratory of Protein Chemistry, ''Severo Ochoa'' Molecular Biology Center, Madrid.
Affinity chromatography. Bromo sulfophthalein glutathione agarose h was used to isolate glutathione-S-transferase (GST) from fraction A41. After binding to the gel, 2 M NaCl in phosphate buffer, pH 7, was used to eliminate nonspecific binding. The enzyme was eluted with 50 mM Tris buffer, pH 9.6, and its activity was determined with 1-chloro-2,4dinitrobenzene and reduced glutathione. 12, 15, 29 Figure 1 shows the immunorecognition pattern obtained when the A41 fraction of H. contortus was probed with pooled sera from the 4 breeds experimentally infected with H. contortus during the prepatency, early patency, and late patency periods (days 14, 28, and 45 postinfection [p.i.]). Sera from infected Castellano sheep (Fig. 1A) recognized a band of 26 kD regardless of the infection schedule (group 1 or 2), although the recognition was less clear in previously infected and challenged sheep. The immunorecognition pattern in Churro (Fig. 1B) and Me- rino (Fig. 1C) sheep was more closely related to the parasite burden. Sera from the most heavily infected animals of both breeds (group 1) recognized the antigen at all times tested, whereas animals carrying lower burdens (group 2) did not show recognition of Hc26 at day 28 p.i.; however, during prepatency and, to a lesser extent, in late patency this recognition was present.
Results

Diagnostic value of A41 to test H. contortus infections in several breeds.
Sera from Manchego sheep (Fig. 1D) infected with H. contortus (groups 2 and 1) detected Hc26 at prepatency (day 14 p.i.) and early and late patency (days 28 and 45 p.i.), although, as in the other breeds tested, recognition was more intense in group 1 than group 2 sera. None of the uninfected sheep sera (group 0) of the 4 breeds analyzed recognized the Hc26 peptide at the dates tested.
When Texel sheep sera were probed in the immunoassay with fraction A41, 17 of the 20 H. contortusinfected animals (lanes 1-20) clearly recognized the peptide (Fig. 2) . Uninfected sheep sera (lanes [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] showed no clear 26-kD recognition. Figure 3 shows the results obtained when the Hc26enriched fraction was tested with pooled sera of infected (lanes 1) and uninfected animals (lanes 0). The Western blotting was developed with anti-IgG1 (a), anti-IgG2 (b), anti-IgM (c), and anti-IgA (d). The only Antigen specifity: hyperimmune sera. When the hyperimmune sera were tested against the 26-kD peptide-enriched fraction (Fig. 4, lane 3) , only the homologous antiserum (anti-adult H. contortus) recognized the 26-kD antigen present in the fraction. Nevertheless, the anti-adult T. circumcincta sera displayed cross-reactivity with the rest of the peptides in the fraction (lane 5). All other antisera (anti-larval extracts and anti-adult T. colubriformis) did not recognize any proteins in the fraction (lanes 1, 2, 4, and 6) .
Amino acid sequences. The sequence of Hc26 was NH2-VNYKLTYF. Moreover, when GST Ad Hc was extracted from the fraction by affinity chromatography, the N-terminal amino acid residues of the diagnostic antigen Hc26 were determined, yielding the sequence NH2-AGLFAHHPPP.
Discussion
Indirect diagnosis of sheep haemonchosis would be a notable advantage to clinical practice and production. The results obtained in determining anti-Haemonchus antibody levels have not been successful, however, particularly when using complex antigen mixtures. 5 An antigen region from adult H. contortus was described as specific for detection of Haemonchus-infected animals by comparing sera from infected and uninfected sheep. 8, 9 These results were obtained in a single sheep breed (Manchego), and sheep breed-related differences in the host-parasite relationship, including the immune response elicited by the helminth infection, have been described in the Haemonchus-sheep system. 2 It was therefore considered critical for any putative diagnostic antigen to be useful for different breeds. The results obtained in this study show that Hc26 12 was recognized by IgG1 in sera of 4 experimentally infected sheep breeds; in addition, the antigen was recognized by sera from infected Texel sheep. It has been suggested that antigen quality can change depending on parasite strain. 20 Nonetheless, our findings show that Hc26 reacted with the 5 breeds tested, irrespective of sheep breed, geographical location, or the parasite strain employed in experimental infection.
Western blotting is not a quantitative technique. In the immunodetection patterns obtained, however, Churro and Merino animals infected and challenged (group 2) showed a lower reactivity to the Hc26 antigen. This lower reactivity may be related to the lower helminth burden found in these animals when compared with uninfected and challenged animals, particularly in the case of Merino sheep (group 2), which were almost helminth free. 13 The lower reactivity of infected and challenged, and therefore partially protected, animals was observed in other breeds, although less clearly than in the Merino group. If the reactivity observed is related to parasite burden, serum titration might allow the determination of infection level. An interesting question is raised by the sera from partially protected Manchego sheep (group 2). The protective response in this breed was related to a large number of L4 in the abomasal mucosa, which was 10-fold higher than the number found in the other 3 experimentally infected breeds. The level of reactivity in group 2 animals, although lower than that in group 1, was higher than that observed in the other animals. This suggests the presence of the peptide/s in the L4 and, moreover, the relationship of reactivity to parasite (adult or L4) burden. 13, 14 No information is available on the parasite burden of the Texel sheep used to test the diagnostic antigen; we can therefore establish only a yes/no relationship between infection status and recognition of the Hc26 antigen in this case. In spite of these limitations, it is clear that only the sera from infected sheep reacted with the peptide (17 of 20), whereas none of the sera from uninfected animals reacted, supporting the diagnostic value of the peptide for distinct sheep breeds.
The recognition of Hc26 by serum IgG1 from infected sheep in Western blot concurs with the predominant role of this isotype in animals infected with this parasite 11, 26 and its abundance in sheep serum. 17 The lack of recognition of Hc26 by IgA, another prominent isotype in mucosal defense in ruminants, may be related to antigen location, feeding habits of this parasite species, or even the low levels of specific IgA in serum and its rapid clearance from the circulation.
Parasitic helminth gastroenteritis in lambs tends to be multispecific, 3 and high cross-reactivity has been reported among related and unrelated nematode species 9, 25 ; if a specific diagnosis is desired, this aspect is, therefore, critical. The Western blot reactions carried out with hyperimmune sera apparently showed that the Hc26 antigen was present only in the adult stage of H. contortus under the present experimental conditions, making the antigen specific. Because no antiserum was raised against L4 of this helminth, it is not known if the peptide is also present in this larval stage. An intriguing point is the recognition of Hc26 after denaturation and reduction (SDS-PAGE). This points toward the antibodies in sheep sera directed against primary antigens, facilitating its eventual production (i.e., chemical synthesis, cloning, and expression).
The NH2-terminal amino acid residues sequence of the isolated GST Ad Hc showed close similarity (7 of 8 amino acids) to a glutathione-S-transferase of thirdstage H. contortus larvae, 28 but this peptide was not recognized by the sera of infected animals. After affinity extraction of GST, the Hc26 sequence did not show notable similarity to any other available sequence (Ͻ70%; GenEMBL, Swissprot 1999). Further studies should thus be done to investigate the role of the antigen in the nematode life cycle with monoclonal or polyclonal antibodies.
